Abstract. Retinoblastoma (Rb) is the most frequent primary intraocular tumor usually diagnosed in infants and children, and current therapy for such disease is still limited. Corosolic acid (CA), an ursane-type pentacyclic triterpene, has been assessed as a promising anticancer agent with little impact on untransformed cells. In the present study, we investigated the cytotoxic effect and underlying mechanism of CA on human retinoblastoma Y-79 cells. The viability of cells was verified by MTT assay. Cell cycle and apoptosis were evaluated by flow cytometric analysis. The expressions and activities of the related molecules were assessed by western blot analysis and luciferase assay. The results demonstrated that the treatment of CA dose-dependently induced cytotoxicity, cell cycle arrest and cell apoptosis in Y-79 cells. Furthermore, MELK-FoxM1 signaling was estimated to be involved in the cytotoxic effect of CA on Y-79 cells, and CA exerted its activity mainly through inhibition of the expression levels of MELK and FoxM1 as well as through suppression of the transcriptional activity of FoxM1 driven by itself or MELK. Our findings establish MELK-FoxM1 signaling as a promising therapeutic target for human retinoblastoma, and suggest the potential development of CA and its derivatives as novel drug candidates against this disease.
Introduction
Retinoblastoma is the most common primary intraocular tumor in infants and children, affecting ~1:14,000-1:22,000 live births (1) (2) (3) . It is confirmed to be initiated by a bi-allelic inactivation of the retinoblastoma Rb1 gene in retinal cells in both the hereditary and sporadic types (4) . Lack of a functional pRb1 induces defective differentiation and uncontrolled proliferation of a subset of human retinal cells, which then develop into tumors (5) . Current therapy for retinoblastoma include local control of small to intermediate size tumors with laser combined with radiation and/or chemotherapy, or enucleation combined with or without systemic chemotherapy (6, 7) . Despite the progress in the treatment of retinoblastoma, significant issues remain unsolved. Enucleation of the eye leads to loss of vision and facial deformity (8) , and radiotherapy and traditional chemotherapy increase the risk for the development of secondary tumors, such as osteosarcoma and melanoma (9, 10) . Therefore, the development of novel and effective moleculartargeted chemotherapeutic agents is needed for retinoblastoma treatment.
Ursane-type pentacyclic triterpenes, abundantly found in the plant kingdom, have been proposed to be a class of promising agents for cancer therapy (11) . Of these compounds, ursolic acid (UA) is a prevalent pentacyclic triterpenoid and exhibits remarkable cytotoxic activity in various types of cancer cells (12) (13) (14) . Such a compound exerts anticancer activity via induction of cell cycle arrest and cell apoptosis as well as inhibition of cell migration (15, 16) . Corosolic acid (CA) (Fig. 1A) is one analog of UA, and shows higher cytotoxic activity compared to UA in some types of cancer cells; however, the regulatory effect and underlying mechanism of CA on retinoblastoma is unexplored (17) . In the present study, experiments were first designed to evaluate the cytotoxic effect of CA on Y-79 cells, an in vitro model of human retinoblastoma.
FoxM1, also known as FKHL16, MPP2 or TRIDENT, is a member of the Forkhead superfamily of transcription factors and plays a key role in the regulation of a variety of essential biological processes (18 (21) demonstrated that MELK and FoxM1 are highly co-expressed, co-regulated and functionally related in glioblastoma multiforme (GBM), and that MELK is involved in the regulatory effect of FoxM1 on cancer cell survival. However, the role of MELK-FoxM1 signaling in retinoblastoma has never been investigated. A previous study by Wang et al (22) has confirmed that FoxM1 is a direct target of UA in MCF-7 human breast cancer cells. Due to the similar structure, the involvement of MELK-FoxM1 signaling in the effect of CA on Y-79 cells is further investigated. Measurement of cell viability. To assess the effect of CA on cell viability, MTT assay was used as previously mentioned (23) . After treatment, 10 µl of MTT (5 mg/ml stock in PBS) was added per well and the incubation was continued for 2 h. Then, the culture medium was removed and 100 µl DMSO was added to dissolve the formazan crystals. The absorbance at 570 nm was determined with an ELISA reader (Bio-Rad Laboratories, Hercules, CA, USA).
Materials and methods

Chemicals
Measurement of cell cycle distribution.
To assess the effect of CA on cell cycle distribution, PI staining was used as previously mentioned (24) . After treatment, cells were collected by centrifugation, fixed in 70% ethanol, re-suspended in PBS containing RNase (1 mg/ml) and PI (50 µg/ml), incubated for 30 min in the dark and then analyzed using flow cytometry (Becton-Dickinson; BD Biosciences).
Measurement of cell apoptosis.
To assess the effect of CA on cell apoptosis, double staining with Annexin V-FITC and PI was used as previously described (24) . After treatment, cells were collected by centrifugation, washed twice with cold PBS, re-suspended in binding buffer containing 10 µl of Annexin V-FITC stock and 10 µl of PI, and then analyzed using flow cytometry (Becton-Dickinson; BD Biosciences).
Western blot analysis.
To assess the effect of CA on the expression profiles of related proteins, western blot analysis was used as previously described (25) . After treatment, cells were lysed for 20 min in lysis buffer and the concentration of protein sample was determined with the Bradford method. Samples (50 µg) were separated on SDS-PAGE gel (10%) and electrophoretically transferred onto polyvinylidene fluoride (PVDF) membrane. After blocking, the membrane was incubated with the primary antibody at 4̊C for overnight and horseradish peroxidase (HRP)-conjugated secondary antibody at 37̊C for 2 h. The protein bands were visualized by ECL detection kit (Beyotime Institute of Biotechnology).
Luciferase assay. To assess the effect of CA on the transcriptional activity of FoxM1, luciferase assay was used as previously described (26) . After transfection, cells were treated with the indicated agents for 24 h and the luciferase activity was measured using luciferase assay system. Relative luciferase activity was expressed as percentage induction of promoter activity by the FoxM1 expression vector, where the promoter activity resulting from transfection with FoxM1 was set at 100%.
Statistical analysis. Biostatistical analyses were conducted with Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) and SPSS 16.0 software package (SPSS, Inc., Chicago, IL, USA). All experiments were conducted in triplicate and the results were indicative of three independent studies. Data are expressed as means ± SD and statistical comparisons were made using the Student's t-test and the one-way ANOVA. A P<0.05 was considered to indicate a statistically significant result. (Fig. 2) . Furthermore, the change in cell cycle regulators upon CA treatment was analyzed using western blot analysis. As shown in (Fig. 4) . Furthermore, the change in cell apoptosis-related signaling pathways upon CA treatment was analyzed. First, as shown in Fig. 5A , CA treatment dose-dependently affected the mitochondrial pathway via inducing upregulation of Bax, downregulation of Bcl-2 and cleavage of caspase-9 and caspase-3. Then, as shown in Fig. 5B , CA treatment dose-dependently affected the MAPK pathway via inducing upregulation of ASK1 and phosphorylation of JNK and p38, but not ERK (data not shown).
Results
Cytotoxic effect of CA on cell proliferation in human retino
Inhibitory effect of CA on MELK-FoxM1 signaling in human retinoblastoma Y-79 cells. A previous study estimated that
FoxM1 is the direct target of UA (22) . First, we examined the inhibitory effect of CA on the expression profiles of MELK and FoxM1. The results revealed that CA treatment for 24 h significantly suppressed the expression levels of MELK and FoxM1 in a dose-dependent manner in Y-79 cells (Fig. 6A ). In addition, MELK overexpression did not affect the inhibitory effect of CA on FoxM1 expression; likewise FoxM1 overexpression did not affect the inhibitory effect of CA on MELK expression (Fig. 6B) . Then, we examined the inhibitory effect of CA on the transcriptional activity of FoxM1. As shown in Fig. 7 , CA treatment for 24 h significantly suppressed the transcriptional activity of FoxM1 in cells transfected with FoxM1 + MELK (-) or FoxM1 in a dose-dependent manner, indicating that CA abrogated FoxM1 activity driven by FoxM1 itself or MELK, and such a compound abrogated MELK-dependent FoxM1 activity possibly by inhibiting MELK expression. may exert its effect mainly through the FoxM1 pathway. In addition, the changes in related molecules were further investigated, and the results were consistent with the changes in cell cycle distribution and cell apoptosis (Figs. 8B and 9B and C) .
MELK-FoxM1 signaling is involved in the inductive effect of CA on cell cycle arrest and cell apoptosis in human retino
Discussion
Corosolic acid (CA) has been assessed as a promising anticancer agent, and existing evidence has estimated that CA can affect a wide variety of human cancers, such as hepatocellular (30) , colorectal (31) and gastric carcinoma (32) . It has been reported that CA inhibits cell growth with lower IC 50 values in some types of cancer cells when compared to these values for UA (17) . To date, the effect of CA on human retinoblastoma cancer cells has never been explored. In the present study, we revealed that CA treatment significantly inhibited cell growth by inducing cell cycle arrest and cell apoptosis in Y-79 cells, an in vitro model of human retinoblastoma. As an analog of UA, CA markedly changed the expression profiles of FoxM1 and its downstream effectors, which include cell cycle regulators such as p53, p21, cyclin B1, Cdc25B and Aurora B as well as cell apoptosis regulators from the mitochondrial and MAPK pathways. However, the precise mechanism attributed to the cytotoxic effect of CA on Y-79 cells remained inconclusive.
FoxM1 plays a critical role in the regulation of various biological processes (33) In vitro, loss of FoxM1 results in cell cycle arrest and subsequent defective mitotic spindle integrity; in vivo, loss of FoxM1 leads to embryonic lethality due to a failure to enter mitosis (34) . Existing evidence has shown that FoxM1 deregulation is associated with cancer progression and cancer drug resistance (35 drive prostate cancer malignancy. Nestal de Moraes et al (37) showed that FoxM1 upregulates anti-apoptotic genes XIAP and survivin by interacting with their promoters, contributing to the chemoresistance of breast cancer. Therefore, FoxM1 has become an attractive therapeutic target in the fight against several lines of cancers. Existing evidence has confirmed that FoxM1 is a direct target of UA. In MCF-7 cancer cells, UA treatment inhibits the expression level of FoxM1, and FoxM1 inhibition by UA suppressed cell proliferation and induced cell cycle arrest (22) . In the present study, treatment of CA, an analog of UA, significantly suppressed the expression level and the transcriptional activity of FoxM1; however, transfection of FoxM1 partially attenuated the cytotoxic effect of CA on Y-79 cells, indicating that FoxM1 was not the only target of this compound. MELK is a member of the AMPK/ Snf1 family, and elevated MELK expression is observed in various types of human cancer and is correlated with the poor prognosis of cancer patients (20, 38) . Wang et al (27) revealed that MELK is required for the transforming activity, survival and proliferation of basal-like breast cancer cells. Our results indicated that treatment of CA also significantly suppressed the expression level of MELK. However, transfection of MELK slightly attenuated the cytotoxic effect of CA on Y-79 cells, indicating that CA may exert its activity via inhibition of MELK combined with other related factors, rather than MELK alone. Joshi et al (21) reported that FoxM1 is a key substrate of MELK and MELK is essential for the phosphorylation and activation of FoxM1, which then results in a subsequent change in cell cycle and cell apoptosis regulatory genes. Xia et al (39) reported that MELK regulates cell cycle progression and mitosis-related genes mainly through activation of FoxM1. In the present study, we initially found that treatment of CA suppressed the expression levels of both MELK and FoxM1; however, there was no interaction between MELK expression and FoxM1 expression. We then found that treatment of CA suppressed the transcriptional activity of FoxM1 to the similar baseline level in cells transfected with FoxM1 + MELK(-) and in cells transfected with FoxM1 alone, which implied that CA abrogated FoxM1 activation driven by itself or MELK. Moreover, CA abrogated MELK-driven FoxM1 activity possibly by inhibiting MELK expression. Further study showed that transfection of both MELK and FoxM1, rather than FoxM1 alone, significantly attenuated the effect of CA. In addition, MELK transfection alone slightly attenuated the effect of CA on the cell cycle, cell apoptosis and the related mediators compared to FoxM1 transfection alone, indicating that MELK may exert its effect mainly via activating FoxM1. Collectively, we propose that CA exhibits cytotoxic effects on cell proliferation and a promotive effect on cell cycle arrest and cell apoptosis by inhibiting the expression levels of MELK and FoxM1 as well as suppressing the transcriptional activity of FoxM1 driven by itself or MELK. The expression levels of mitochondrial pathway mediators were assessed by western blot analysis and the relative quantification of the protein levels was determined. (C) The expression levels of MAPK pathway mediators were assessed by western blot analysis and the relative quantification of the protein levels was determined. All data are expressed as means ± SD of three experiments and each experiment included triplicate repeats. In summary, the present study revealed that MELK-FoxM1 signaling is a potential therapeutic target for human retinoblastoma, and provides novel insight into the potential application of corosolic acid and its derivatives in the treatment of this disease.
